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The creation of nitrogen-vacancy centres in diamond is nowadays well controlled using nitrogen 
implantation and annealing. Although the high-resolution placement of NV centres has been 
demonstrated using either collimation through pierced AFM tips or masks with apertures made by 
electron beam lithography, a targeted implantation into pre-defined structures in diamond may not be 
achieved using these techniques. We show that a beam of nitrogen ions can be focused to approximately 
100 nm using focused ion beam (FIB) technology. The nitrogen ion beam is produced using an electron 
cyclotron resonance (ECR) plasma source. Combined with a scanning electron microscope, the 
nitrogen-FIB offers new possibilities for the targeted creation of single defects in diamond. This 
maskless technology is suitable for example for the creation of optical centres in the cavities of 
photonic crystals or in diamond tips for scanning magnetometry. Finally, we further show that by 
changing the gas source from nitrogen to xenon, standard FIB milling capabilities are also available 
within the same tool. 
 
 
The nitrogen-vacancy (NV) defect centre in diamond is nowadays widely used for applications as 
magnetic sensor [1-5] and single-photon source [6-8]. It is also a promising solid-state qubit for 
quantum information processing [9,10], due to its unique optical and spin properties at room 
temperature [11,12]. The NV defect consists of a substitutional nitrogen atom and a neighbouring 
carbon vacancy in the diamond lattice. Generally abundant in natural diamonds [13], the NV centres 
can be artificially produced in synthetic material by different means. Diamonds containing 
substitutional nitrogen can be irradiated (with electrons, protons...) to create vacancies and then 
annealed, typically above 800°C, to form the nitrogen-vacancy defects [14,15]. NV centres can also 
be produced during the diamond growth by nitrogen doping [16]. Nevertheless, none of these two 
methods allows a three dimensional engineering of single NV centres. The implantation of nitrogen 
ions enables however such an engineering. First experiments have been realised using a nitrogen ion 
beam of 2 MeV energy, focused with a superconducting lens [17] yielding a resolution of 
approximately 300 nm on the target. Ion straggling is however an additional intrinsic limitation for 
the implantation resolution of high energy ions. Low energy ion implantation (typically a few keV) 
ensures a better ion positioning due to a limitation of the ion straggling in the range of a few 
nanometers, as shown by SRIM (“The Stopping Range of Ions in Matter” [18]) simulation. The high-
resolution placement of single NV centres has been demonstrated with a precision better than 20 nm, 
using a pierced AFM tip used to collimate and address a 5 keV nitrogen beam [19]. In order to 
produce large-scale arrays of NV centres, a broad nitrogen implantation can be applied onto diamond 
which needs therefore to be masked with photoresist patterned using electron beam lithography 
[20,21] or covered with a mica foil containing nano- channels [22]. Although providing high spatial 
resolution, these techniques hardly enable the targeted creation of NV centres into some pre-defined 
structures on diamond.  
 In this article, we show that a maskless and targeted creation of arrays of NV centres is possible 
with focused ion beam (FIB) technology using a newly developed plasma source. Combined with a 
scanning electron microscope, this focused nitrogen beam offers new possibilities for nitrogen 
implantation and ion milling as well as easiness and rapidity. Many of the applications based on 
diamond and requiring single or a few NV centres to be placed within a small size region may take 
benefit of this new technique (figure 1). 
 
 
 
Figure 1 Examples of applications requiring high precision placement of single NV centres, which can be 
reliably and reproducibly enabled using the nitrogen-FIB combined with a scanning electron microscope. 
 
It is well suited for example to implant NV centres into diamond tips used for scanning 
magnetometry [5]. For photonics applications, there is also a need to place single NV centres into 
optical micro-cavities such as pillars [23] or photonic bandgap structures [24], as well as into 
waveguides [25], under a solid immersion lens [26] or at any place of a photonic network [27]. NV 
centres can also be easily and precisely placed in the intrinsic region of p-i-n diode structures [28,29] 
for single-photon emission, and also into opto-mechanical resonators [30], plasmonic structures [31], 
and circuits imprinted on diamond aiming at the coupling between a shallow NV centre and a 
superconducting qubit [32,33]. In this purpose, we produced test arrays of focused nitrogen spots to 
engineer NV centres and also marking crosses (10 µm long and high fluence implantation) which are 
visible both in electron microscopy and optical fluorescence microscopy. The implantation setup is 
first described. The implanted arrays of NV centres are then characterised and the resolution of the 
ion implantation is estimated by means of ground state depletion (GSD) microscopy [34]. 
  
Experimental details 
The focused nitrogen beam is provided by a i-FIB column developed by Orsay Physics S.A. 
(figure 2a). The high-performance plasma source of ECR type (electron cyclotron resonance) [35] is 
mounted on a customized FIB column and used to produce the nitrogen ions (figure 2b). The FIB is 
installed on a scanning electron microscope chamber (FERA, Tescan) in a dual beam configuration 
in which the electron beam allows for fine positioning and pre-selection of structures for the focused 
ion beam implantation (figure 2a). Ion milling is also possible by changing the gas source from 
nitrogen to xenon. In these preliminary experiments, the FIB was not yet equipped with a mass filter 
at the moment of the implantation. The main ion species is the molecular 14N2+, however the beam 
contains a few percent of other kinds of ions, mainly 14N+. 
The diamond sample used in the following consists of an ultrapure CVD layer (200 µm thick) 
grown on a (001) HPHT substrate [36]. The surface of the CVD layer has been polished before ion 
implantation. The nitrogen concentration in the CVD layer is in the range of 2×1014 cm-3. For the ion 
implantation, the acceleration voltage has been chosen to be 30 kV.  
Several arrays of focused nitrogen spots (21×21 with 2 µm separation) have been implanted 
(figure 2c), with each, a constant implantation time per spot (from 30 µs to 1 ms). With a constant 
 beam current of 0.3 pA, this corresponds to a number of implanted nitrogen atoms per spot between 
110 and 3700. It is expected that 1 to 5 % of the implanted nitrogen will be converted into NV 
centres after annealing the diamond two hours at 800°C in vacuum [37]. 
The depth of the N-implantation at 15 keV energy per atom can be estimated by SRIM simulation 
to be around 20 nm. In order to remove contamination or graphite which may have been produced at 
the diamond surface during annealing (and then lead to parasitic effects such as photoluminescence 
quenching), the sample has been cleaned in a boiling mixture of acids (perchloric, sulphuric and 
nitric 1:1:1) for 4 hours. This moreover stabilises the charge state of the shallow NV centres in their 
negatively charged state NV- [38,39]. Aside of each pattern, a marking cross implanted at high 
fluence has been drawn with the nitrogen beam. As seen in figures 2d and 3, such a mark presents the 
advantage of being visible both with a confocal microscope, due to the bright luminescence of this 
NV ensemble, and with a scanning electron microscope. This reinforces the flexibility of this ion 
implantation dual setup. 
 
 
 
Figure 2 (a) Dual beam used for the ion implantation experiments. (b) Scheme of the nitrogen ion column 
developed by Orsay Physics S.A. and based on a ECR plasma source. (c) Test pattern for the implantation 
with a marking cross (high fluence). (d) Scanning electron microscopy image (tilted) of the implanted 
diamond showing the nitrogen pattern. The high ion fluence induced amorphisation of the diamond.  
  
The implanted structures have been characterised using a home-made scanning confocal 
microscope with laser excitation at 532 nm wavelength. The excitation beam is focused on the 
diamond sample using an oil-immersion microscope objective with a NA = 1.35 numerical aperture. 
The luminescence from the excited NV centres is collected with the same microscope objective and 
spectrally filtered with a dichroic mirror in order to remove any excitation residuals. The detection 
system consists of a photon counting system (two avalanche photodiodes mounted in a Hanbury 
Brown and Twiss configuration) and of a spectrograph based on a cooled CCD matrix. The spectral 
measurement is used to detect the charge state of the implanted NV centres. 
 
  
Results and discussion  
As mentioned above, all the fabricated arrays were designed using the same pattern (figure 2c), 
which has the appearance of a grid (40 µm × 40 µm) with implanted N ions in each unit. The spots 
are separated by 2 µm distance from each other. The ion current was kept constant and the quantity 
of implanted ions was controlled by changing the dwell time. The detected photoluminescence of one 
of the implanted patterns (1 ms of dwell time per each spot) at an optical excitation of 150 µW is 
presented in figure 3. It consists of well separated bright spots each containing tens of NV centres 
that the confocal setup cannot optically resolve. By comparing the mean intensity recorded for a 
single NV centre to the average luminescence intensity emitted from these implanted spots, it is 
roughly found that they are made out of 30 to 40 NV centres. This corresponds to a creation yield of 
~ 1%.  
The measured spectra of the implanted spots in the different arrays prove that the fabricated NV 
centres are mostly present in their negatively charged NV– state (figure 3). It can also be seen that a 
relatively high and unwished density of NV centres (1 to 5 µm-2) is present at the diamond surface. 
This is due to the fact that the implantation has been performed without any mass filter mounted on 
the FIB column. Although this drawback can be easily avoided using a mass separation E×B Wien 
filter, the effect of such a filter on the focusing properties of the FIB column will require further 
studies. 
 
 
Figure 3 Luminescence scan of a diamond surface implanted with a focused beam of 14N2+ ions. The inset 
shows a closer view of the array of NV centres and the emission spectrum of one of the implanted spots. 
 
The resolution of the ion implantation which is determined by the focus of the ion beam, is 
inferred using two complementary analysis. Firstly, the widths of nine implanted spots at the higher 
fluence (1 ms dwell time) have been measured with confocal microscopy and compared to the width 
obtained for a single shallow NV centre. The single NV centre image is used to determine the point 
spread function (PSF) of the confocal system (figure 4a). 
For a single NV, we measured a width of ~ 250 nm, in good agreement with the optical 
diffraction-limited resolution given by ∆r ≈ 1.22×λ/(2×NA) (where λ is the optical wavelength and 
NA the numerical aperture of the objective). By deconvolving the measured implanted spots from the 
PSF, it is found that the ion beam focus is on average 90 ± 20 nm (figure 4c). 
 The second analysis is based on high-resolution imaging of the implanted spots using Ground 
State Depletion (GSD) microscopy in order to determine the number of NV centres per spot and 
resolve their lateral distribution. In GSD, the intensity profile of the excitation beam is modulated by 
placing a vortex phase mask in the optical path which produces a doughnut-shaped excitation beam 
[34]. Increasing the excitation power leads to a reduction of the size of the dip observed in the PSF. 
This is shown for a single NV centre in figure 4d (excitation power of 50 mW) where an imaging 
resolution of 35 nm was obtained. Ideally, GSD measurements should be done on the spots 
implanted with the highest dwell time of 1000 µs. However, the NV density in these spots was too 
high to optically resolve each centre. Thus the GSD analysis has been performed on one particular 
spot belonging to the lower fluence array generated with a 300 µs dwell time. The confocal image of 
this spot is shown in figure 4b. From its fluorescence intensity and from the corresponding intensity 
autocorrelation function recorded with the Hanbury Brown and Twiss setup (inset in figure 4b), it 
can be estimated that the spot consists of ≃9 NV centres. Figure 4e shows the GSD scan of this 
implanted spot. 
The number of NV centres and their relative positions can be estimated, as shown in figure 4f. 
The size of the region in which the nine NV centres are found illustrates the ion beam focus, which 
was here between 100 and 150 nm. This is a rough estimate due to the fact that the high surface 
density of NV centres surely worsens the result. The two methods used to estimate the resolution of 
the focused nitrogen ion beam are nevertheless in good agreement. They give evidence for a beam 
resolution in the order of 100 nm. 
 
 
Figure 4 Estimation of the ion beam focus. (a) and (b) Confocal scans of, respectively, a shallow implanted 
single NV centre and a focused implantation spot corresponding to a 300 µs dwell time, with the relative 
autocorrelation function (normalised raw data). The laser excitation power is 75µW in order to keep the NV 
centres below saturation. (c) Ion beam focus determined for the nine implanted spots shown into the inset 
(fluence of 1000 µs dwell time) and determined by 2D deconvolution using the confocal scan of the single NV 
as point spread function of the confocal setup. (d) and (e) GSD scans of, respectively, the same single NV and 
implantation spot as in (a) and (b). The laser excitation power is 50 mW. (f) Deduced positions (from (e)) of 
the implanted NVs. (g) GSD image reconstructed by convolving the matrix (f) and the experimental PSF (d). 
   
The ECR plasma source is moreover able to generate other kinds of ions. The gas source can for 
example be changed from nitrogen to xenon in order to use the FIB as a milling and micro-
structuration tool (and thus avoiding nitrogen contamination provided that a mass filter is used). Xe 
ions possess a sputter yield twice higher as gallium ions typically used for milling with FIBs using 
liquid metal ion sources. Micro-lenses or pillars can for example be created at the same time as the 
nitrogen implantation. Such a micro-pillar (10 µm diameter, 5 µm height and surrounded by a 5µm 
channel) has been fabricated on the same diamond sample using 30 keV Xe+ ions and is shown in 
figure 5. Note that this milling process avoids the sample contamination with heavy ions which 
occurs with standard gallium FIBs. 
 
 
Figure 5 Milling of a micro-structure using a focused xenon ion beam. 
 
In conclusion, we have presented a newly developed FIB column based on an ECR plasma source 
which can produce a focused beam of nitrogen ions. Combined with a scanning electron microscope, 
the nitrogen-FIB opens new perspectives for the targeted creation of nitrogen-vacancy centres into 
nano- and micro-structures made in diamond for a wide range of applications. In preliminary 
experiments, the ion beam focus has been estimated by optical means using the luminescence emitted 
by the NV centres produced by the nitrogen implantation. It was found that the beam size is in the 
range of 100 nm. A mass filter will further be implemented on the ion beam column in order to avoid 
the contamination due to a rest of other ion species accelerated out of the plasma source and co-
implanted with the 14N2+ main ion species. Finally, micro-structures can be easily milled in diamond 
with this FIB using xenon ions, at fast milling rate and without any contamination of the sample with 
heavy ions as with standard gallium FIB. 
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